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Experimental  and  theoretical  results  on  developing  blue  light 
emitting  ZnSe  lasers  using  tunable  photopumping  are  presented.  The 
work  started  with  feasibility  studies  of  lasing  in  ZnSe  material  and 
the  demonstration  of  room  temperature  laser  operation  in 
photopumped  ZnSe.  It  then  extended  to  the  analysis  and  modeling  of 
the  pump  wavelength  dependence  of  the  laser  performance.  A 
similar  study  was  also  done  for  photopumped  lasers  made  of  GaAs, 
the  most  commonly  used  diode  laser  material.  The  results  were 
compared  with  that  of  the  ZnSe  lasers  in  order  to  assess  the  potential 
of  fabricating  ZnSe  based  diode  lasers 

By  selecting  appropriate  pump  wavelengths,  first  time  room 
temperature  laser  oscillation  in  bulk  ZnSe  was  accomplished.  The 
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differential  quantum  efficiency  rid  of  such  lasers  was  found  to  be  a 
strong  function  of  pump  wavelength  Xp.  Such  dependence  is 
interpreted  by  using  gain  guiding  theory  and  by  analyzing  data  on 
beam  characteristics,  which  is  believed  to  be  the  first  for 
photopumped  lasers.  The  results  are  useful  for  understanding  carrier 
and  photon  confinement  in  such  lasers  and  for  designing  potential 
ZnSe  diode  lasers.  It  was  also  discovered  that  the  saturation  of  optical 
absorption  significantly  affects  rid-  Utilizing  the  tunable  photopump 
system,  this  effect  was  measured  and  compared  with  the  theory. 

Photopumped  epitaxial  ZnSe  lasers  were  fabricated  from  MBE 
and  MOCVD  grown  thin  film  ZnSe  on  GaAs  substrates.  The  relation  of 
rj  d vs.  A.p  is  once  again  studied  and  compared  with  that  of  bulk  ZnSe 
and  GaAs  lasers.  It  is  shown  that  the  optical  loss  associated  with  the 
TEo-like  mode  of  the  antiwaveguide  thin  film  structure  can  be  quite 
low,  in  contrary  to  what  might  be  expected.  Such  antiguide  structures 
thus  have  the  potential  of  being  used  for  fabricating 
superluminescent  blue  edge  light  emitting  diodes  (ELEDs),  and  ELED 
arrays. 

It  is  demonstrated  by  this  work  that  the  tunable  photopump  is 
a convenient  and  effective  tool  for  developing  new  diode  laser 
materials  and  structures. 


Vll 


CHAPTER  1 
INTRODUCTION 


The  motivation  for  developing  ZnSe  diode  lasers  mainly  comes 
from  the  demand  for  efficient  and  low  cost  coherent  light  sources  in 
the  blue  part  of  visible  wavelengths.  Having  shorter  wavelength  and 
higher  photon  energy,  blue  light  is  more  valuable  for  optical  data 
storage  and  laser  printing  than  the  infrared  light  being  used  today 
[Camm87].  This  is  because  blue  light  can  be  focused  into  a smaller 
spot  than  the  infrared  so  that  three  to  four  times  more  information 
can  be  stored  on  the  same  area  of  storage  medium  [Feit88] . Higher 
photon  energy  carried  by  blue  light  enables  us  to  select  from  a larger 
variety  of  materials  for  the  storage  medium  [Reyn89].  In  addition, 
for  color  display  uses,  either  flat  panels  or  projection  TVs,  blue  light 
is  a fundamental  color  element  [Guns88].  For  underwater 
applications,  blue  light  is  of  particular  interest  because  it  is  subject  to 
minimum  attenuation  in  water  among  electromagnetic  waves  of  all 
wavelengths  [Chun90]. 

Blue  coherent  light  can  be  generated  via  four  general 
approaches:  (1)  gas  lasers  or  liquid  (dye)  lasers,  (2)  frequency 
upconversion  from  solid  state  lasers,  (3)  frequency  upconversion 
from  infrared  diode  lasers,  and  (4)  blue  diode  lasers.  Gas  lasers,  dye 
lasers  and  solid  state  lasers  do  generate  high  power  blue  laser 
beams.  However,  they  are  all  too  bulky,  heavy  and  costly  for  most 
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applications.  Their  power  efficiency  is  low  (usually  much  less  than 
1%)  and  they  require  either  separate  high  voltage  power  supplies  or 
a second  laser  for  operation.  A nonlinear  crystal  used  along  with  a 
regular  infrared  diode  laser  does  significantly  reduce  the  size  and 
weight.  Unfortunately,  the  conversion  efficiency  and  the  absolute 
output  power  provided  by  today's  existing  crystals  are  very  limited 
[Dixo90].  Furthermore,  although  the  size  of  the  most  recently 
reported  nonlinear  blue  converter  has  been  made  as  small  as  a 
packaged  diode  laser  [Lent90],  it  is  not  optimistic  that  much  further 
reduction  in  size  can  be  achieved.  This  means  that  it  is  unlikely  for 
such  devices  to  be  used  for  OEICs  (OptoElectronic  Integrated  Circuits) 
or  flat  panel  displays,  where  sub-millimeter  size  light  emitters  are 
essential.  It  is  also  difficult  for  this  type  of  device  to  be  used  for 

multi-track,  individually  addressable  reading  or  writing  heads  for 

optical  storage,  which  have  particularly  high  access  speed  and  data 
density  [Gree89].  On  the  other  hand,  semiconductor  diode  lasers  do 
not  have  the  above  shortcomings  which  are  inherent  to  other  types 
of  blue  lasers.  Diode  lasers  and  light  emitters  are  thus  believed  to  be 
the  most  promising  coherent  blue  light  sources  with  the  greatest 
market  potential. 

The  main  technical  barrier  for  making  a blue  semiconductor 
laser  or  an  LED  (Light  Emitting  Diode)  is  to  find  the  right 

semiconductor  materials  and  to  dope  them  appropriately.  To 
fabricate  a diode  laser,  the  semiconductor  material  being  used  must 
have  direct  energy  bandgap  [Dumk  62]  and  must  be  doped  into  both 
p and  n types  (Figure  1-1).  In  addition,  cladding  layers  made  of 
materials  of  larger  energy  bandgaps  and  smaller  refractive  indices 
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Fig.  1-1.  A typical  diode  laser 
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are  also  needed  for  confining  the  carriers  and  the  laser  mode,  which 
is  essential  for  the  proper  operation  of  the  diode  laser  [Case78].  In 
the  last  two  decades,  many  II-VI  compounds  have  been  studied  by 
photopump  for  the  possibility  of  making  blue  and  green  lasers. 
Among  them,  there  are  ZnTe,  ZnSSe,  ZnSe,  ZnMnSe,  CdSSe,  CdS,  etc. 
[John71,  Byls85,  Glas88,  Guns88,  Suem89].  Those  experiments  were 
all  done  with  fixed  pump  wavelength  and  at  temperatures  below 
200K.  Room  temperature  photopumped  laser  action  has  not  be 
demonstrated  at  blue  wavelengths  for  these  materials.  On  the  other 
hand,  current  injection  blue  LEDs  have  been  fabricated  by  using  SiC 
[Cons91]  and  ZnSe  [Park90b,  Ren90,  Akim90].  Confinement  structures 
need  to  be  built  to  further  develop  them  into  laser  diodes.  ZnSe  blue 
emission  from  Schottky  diodes  [Alle73]  and  metal-insulator- 
semiconductor  (MIS)  structures  [Jain88]  have  also  been  proposed.  In 
this  work,  it  is  shown  that  ZnSe  is  one  of  the  most  promising 
materials  for  fabricating  blue  diode  lasers.  This  is  done  by  presenting 
the  first  results  on  room  temperature  operation  of  photopumped 
bulk  and  epitaxial  ZnSe  lasers.  Another  goal  of  this  work  is  to 
demonstrate  that  tunable  photopump,  an  approach  seldom  used  by 
others,  is  a useful  and  convenient  tool  for  studying  new  diode  laser 
materials  and  structures. 

Experimental  details  will  be  given  in  Chapter  2.  The  main  part 
of  this  chapter  is  a description  of  the  tunable  photopump  set-up  and 
technique.  Fabrication  of  both  bulk  and  epitaxial  ZnSe  laser  samples 
as  well  as  the  optical  and  electronic  systems  for  data  acquisition  will 
be  described.  In  order  to  establish  appropriate  models  for 
interpreting  the  tunable  photopump  data,  experiments  were  also 
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done  to  study  the  beam  characteristics  of  such  lasers  and  the  optical 
absorption  properties  of  ZnSe.  Corresponding  apparatus  is  illustrated 
in  this  chapter. 

In  Chapter  3,  major  results  from  tunable  photopump 
experiments  are  discussed  and  a few  theoretical  models  presented. 
The  optical  gain  of  ZnSe  as  a function  of  pump  intensity  is  estimated 
by  studying  the  spectral  narrowing  of  its  photoluminescence  (PL). 
Optical  absorption  coefficient  as  a function  of  light  intensity  is 
calculated  and  used  for  interpreting  the  laser  performance  data.  By 
analyzing  the  beam  characteristics  of  photopumped  bulk  ZnSe  lasers, 
the  pump  wavelength  dependence  of  differential  quantum  efficiency 
T|  d and  threshold  pump  intensity  Ith  are  calculated  and  compared 
with  experimental  data.  The  results  show  the  importance  of  selecting 
pump  wavelengths  for  achieving  room  temperature  lasing  in  ZnSe. 
The  results  are  also  compared  with  data  from  a photopumped  bulk 
GaAs  laser  to  demonstrate  that  ZnSe  can  be  as  good  a material  as 
GaAs,  a standard  diode  laser  medium,  for  making  lasers. 
Photopumped  lasers  made  of  thin  film  ZnSe  epitaxially  grown  on 
GaAs  substrates  were  also  studied  to  demonstrate  the  feasibility  of 
fabricating  a ZnSe  diode  laser.  A model  based  on  the  continuity 
equation  is  established  for  estimating  the  carrier  and  optical  field 
profiles  in  such  a structure.  Once  again,  qj  and  Ith  are  calculated  as 
functions  of  pump  wavelengths  and  compared  with  the  experimental 
results.  These  dependences  are  also  compared  with  those  of 
photopumped  bulk  ZnSe  lasers  to  show  the  optical  confining  ability  of 
these  epitaxial  ZnSe  structures.  Leaky  waveguide  theory  is  employed 
for  interpreting  the  confinement,  which  shows  that  the  waveguide 
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loss  of  such  a structure  is  much  less  than  usually  expected,  in  spite  of 
an  undesired  negative  refractive  index  step.  It  is  therefore  hoped 
that  the  structure  would  have  device  applications. 

Finally,  in  Chapter  4,  some  preliminary  results  on  fabricating 
ZnSe  edge  light  emitting  diodes  (ELEDs)  and  array  ELEDs  are 
presented  after  a summary  of  previous  chapters.  Some  proposals  on 
designing  anti-guide  double  heterojunction  diode  lasers  are  also 
made  in  this  chapter. 


CHAPTER  2 
EXPERIMENT 

2.1  Tunable  Photopump 
2.1.1.  Sample  Preparation 

Three  types  of  ZnSe  samples  were  used  for  making 
photopumped  lasers.  They  are  single  crystal  bulk  ZnSe,  thin  film  ZnSe 
grown  by  molecular  beam  epitaxy  (MBE)  on  GaAs  substrates  and  thin 
film  ZnSe  grown  by  metal-organic  chemical  vapor  deposition 
(MOCVD)  on  GaAs  substrates.  All  of  the  samples  were  not 
intentionally  doped. 

The  bulk  ZnSe  samples  were  melt-grown  by  Eagle  Pitcher 
Company.  They  came  in  the  shape  of  0.9  mm  thick,  5 mm  x 5 mm 

square  wafers,  as  shown  in  Fig.  2-1  (a).  They  were  claimed  to  be 

(111)  oriented  single  crystals  with  some  twin  structures.  Both  the  top 
and  the  bottom  sides  had  been  mechanically  polished.  The  edges 

were  sawed  to  separate  them  from  a bigger  piece.  To  shape  them 
into  laser  resonators  illustrated  in  Fig.  2-1  (b),  they  must  be  thinned 
and  cleaved.  Thinning  was  done  on  one  side  of  the  wafer  on  a 

Lapmaster  lapping  machine  with  9 pm  diameter  aluminium  oxide 
powder.  The  other  side  remained  intact  and  was  to  be  photopumped 
(see  Fig.  2-1  (b)).  The  thinned  wafers  were  then  cleaved  into  bars  of 
200  pm  width.  Since  the  wafer  is  a (111)  oriented  zincblende  crystal. 
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(a) 


(b) 


Fig.  2-1.  Bulk  ZnSe.  (a)  A single  crystal  wafer,  (b)  A cleaved 
resonator. 
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there  is  only  one  group  of  (llO)-type  planes  perpendicular  to  the 
(111)  surface,  along  which  cleaving  is  possible.  The  wafers  were  not 
originally  sawed  along  the  cleavage  direction.  Test  cleave  had  to  be 
made  to  find  the  angle  the  cleavage  direction  makes  with  respect  to 
one  sawed  edge.  The  wafers  were  then  scribed  on  a scribing  machine 
in  the  cleavage  direction  and  cleaved  into  bar  shaped  resonators.  The 
width  of  the  bars  (200  pm)  is  the  cavity  length  of  the  resonators.  As 
illustrated  in  Fig.  2-1  (b),  once  appropriate  pump  light  is  incident  on 
the  top  side  of  the  resonator,  laser  light  will  emit  from  both  cleaved 
facets. 

Both  MBE  and  MOCVD  grown  thin  film  ZnSe  were  deposited  on 
(100)  oriented  GaAs  substrates  and  therefore  the  ZnSe  is  also  (100) 
oriented.  There  is  a slight  lattice  mismatch  (0.25%)  between  ZnSe  and 
GaAs  [Guns89].  The  MBE  samples  used  for  this  work  have  1pm  thick 
epilayers.  They  were  prepared  by  the  Materials  Science  and 
Engineering  Department  of  the  University  of  Florida.  Samples  of 
various  epilayer  thickness  (0.5  pm  to  3.5  pm)  were  grown  by  MOCVD 
to  study  the  laser  performance  as  a function  of  epilayer  thickness. 
MOCVD  samples  were  prepared  by  the  Chemical  Engineering 
Department  of  the  University  of  Florida.  Cross  section  views  of  these 
samples  are  given  in  Fig.  2-2  (a).  The  wafers  were  processed  in  a 
way  similar  to  that  for  the  bulk  wafers.  Lapping  and  scribing  were 
done  on  the  substrate  side.  The  optical  geometry  for  the  photopump 
experiment  was  also  the  same,  as  illustrated  in  Fig.  2-2  (b). 
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MBE,  t = lpm 


MOCVD,  t = 3.5pm 


Fig.  2-2.  Epitaxial  ZnSe.  (a)  Picture  showing  ZnSe  thin  film  on  GaAs 
substrate. 


Pump 


Lasing 


Cleaved 


200  pm 


Fig.  2-2.  Epetaxial  ZnSe. 
resonator. 


(b)Illustration  of  a cleaved 


epitaxial  ZnSe 
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2.1.2.  Optics  and  Electronics 

The  entire  tunable  photopump  experimental  system  is 
sketched  in  Fig.  2-3.  A cleaved  resonator,  either  made  from  a bulk  or 
an  epitaxial  sample,  was  attached  to  its  holder  at  one  end  such  that 
the  pumped  region  is  free  standing.  At  room  temperature,  it  was 
pumped  by  a N2  laser  pumped  tunable  dye  laser.  The  pulse  width 
and  repetition  rate  of  the  dye  laser  output  were  about  6 ns  and  10 
Hz,  respectively.  The  pump  light  was  attenuated  to  the  desired 
intensity  using  a rotational  neutral  density  filter  with  gradually 
changing  optical  density.  It  was  then  focused  onto  the  surface  of  the 
ZnSe  resonator  with  two  crossed  cylindrical  lenses.  A PIN  photodiode, 
calibrated  with  respect  to  the  power  in  the  focused  pump  beam, 
including  losses  in  the  focusing  optics,  was  used  to  record  the  pump 
power.  The  light  emission  from  the  ZnSe  output  facet  was  collected 
with  a high  power  microscope  objective  lens  and  focused  into  a 
grating  monochromator  to  measure  the  spectral  characteristics  of  the 
ZnSe  laser  output. 

The  low  duty  cycle  laser  output  pulses  were  processed  by  a 
boxcar  averager  to  convert  the  peak  magnitude  of  each  pulse  into  a 
DC  signal  for  the  X-Y  recorder.  This  process  is  illustrated  in  Fig  2-4. 
The  laser  output  signal  depicted  in  part  (a)  is  the  voltage  output  from 
the  photomultiplier  (PMT)  attached  to  the  monochromator.  Its  shape 
is  not  the  same  as  the  real  time  light  signal  because  the  time 
constants  of  the  input  circuits  of  the  oscilloscope  and  the  boxcar  are 
too  large  to  follow  the  short  light  pulses.  Its  peak  magnitude  V0,  on 
the  other  hand,  is  proportional  to  the  peak  power  of  the  light  signal. 
The  boxcar  generates  a DC  voltage  V0\  which  is  proportional  to  the 


Fig.  2-3.  Schematics  of  tunable  photopump  experiment. 
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(a)  Laser  output  signal 

(b)  Gate  signal 

(c)  Peak  magnitude  of  laser  output 


Fig.  2-4.  Signal  acquisition  using  a boxcar. 


average  input  voltage  during  xq,  the  time  duration  when  its  electronic 
gate  is  open.  By  adjusting  the  system  amplification,  V0'  can  be  set 
equal  to  V0.  Gate  width  tq  should  be  small  enough  to  ensure 
sufficient  signal  to  noise  (S/N)  ratio  and  large  enough  to 
accommodate  the  pulse  jitter  so  that  the  input  pulse  will  not  fall 
outside  the  gate.  A DC  signal  for  the  pump  light  intensity  can  be 
obtained  in  the  same  way. 

To  estimate  the  pump  power  density,  the  area  of  the  pumped 
region  needs  to  be  measured.  The  pumped  surface  and  an  output 
facet  of  the  resonator  were  monitored  with  a video  system.  Picture  of 
the  surface  taken  by  the  video  camera  was  send  to  a video  analyzer. 
The  analyzer  was  able  to  scan  either  horizontally  or  vertically  across 
the  picture  and  to  plot  the  intensity  variation  throughout  the  scan. 
Such  plots  are  presented  in  Fig.  2-5.  Plot  (b)  was  made  with  the  real 
sample  in  its  place  and  the  pump  light  on.  Plot  (a)  was  made  with  the 
sample  replaced  with  a 200  pm  wide  slit.  The  vertical  dimension  of 
the  pumped  region  can  be  calculated  by  comparing  plot  (a)  and  (b). 
Aspect  ratio,  scan  speed  and  the  angle  the  camera  pointing  at  the 
resonator  all  need  to  be  considered  in  the  calculation.  The  calculated 
vertical  size  of  pumped  region  from  these  two  plots  is  about  175  pm 
and  the  pumped  area  is  175  pm  x 200  pm  = 3.5  x 10  4 cm2. 

2.2  Beam  Characteristics 

Near  and  far  field  pictures  of  these  photopumped  lasers  were 
also  taken.  Since  the  pump  wavelength  was  very  close  to  the  lasing 
wavelength  and  the  pump  intensity  is  two  orders  of  magnitude 
larger  than  that  of  the  laser  light,  some  special  measures  had  to  be 
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(a)  Horizontal  (Scale:  ldiv.  = 50  pm) 
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Fig.  2-5.  Estimate  of  pumped  area  on  the  sample. 
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taken.  As  illustrated  in  Fig.  2-6  (a),  for  recording  the  near  field 
profile,  a "50  x"  microscope  objective  of  large  numerical  aperture 
(0.55)  was  used  to  collect  as  much  laser  light  as  possible.  One  or  two 
Corion  bandpass  interference  filters  were  inserted  between  the 
objective  and  the  eyepiece  to  prevent  pump  light  from  entering  the 
camera.  According  to  the  manufacturer,  two  such  filters  are  able  to 
attenuate  the  light  of  460  nm  by  40  db  with  respect  to  the  470  nm 
laser  light.  The  optical  system  provides  us  with  a magnification  of 
about  1000  so  that  changes  in  the  near  field  profile  can  easily  be 
measured. 

To  take  pictures  of  the  far  field,  a thin  diffusion  screen  was 
placed  at  a certain  distance  from  the  laser  facet,  as  shown  in  Fig.  2-6 
(b).  The  diffusion  screen  was  made  from  a microscope  cover  glass  by 
thinning  it  on  a Lapmaster  lapping  machine  so  that  it  became  a 30 
pm  thick  ground  glass.  The  interference  filters  were  still  needed  for 
the  same  reason.  Magnification  of  the  optics  is  much  smaller  because 
the  size  of  the  far  field  patterns  is  much  larger. 

2.3.  Optical  Absorption  of  ZnSe 

Since  these  ZnSe  lasers  were  pumped  at  near-bandgap 
wavelengths,  the  variation  of  absorption  of  the  pump  light  with 
wavelength  is  significant  [Kitt76].  As  it  will  be  discussed  later,  the 
laser  performance,  including  the  threshold  and  the  differential 
quantum  efficiency,  as  well  as  the  carrier  and  laser  mode 
distributions,  depend  strongly  on  the  change  in  optical  absorption. 
Although  there  exist  data  on  the  optical  absorption  properties  of  ZnSe 
in  the  literature,  they  are  for  small  signal  situation  only  and  seem  to 


Pump  (X  < 465  nm) 


Pump  (X  < 4 65  nm) 


Fig.  2-6.  Experimental  set-ups  for  measuring  (a)  near  field  and 
far  field  profiles. 


19 


be  inconsistent  [Avan61,  Phil63,  Wang81,  Ando85,  Ves85].  In  order 
to  establish  an  appropriate  model  and  to  properly  understand  the 
physical  processes  in  these  photopumped  lasers,  optical  absorption 
measurements  need  to  be  made  at  the  light  intensity  level  at  which 
the  lasers  operate  and  with  exactly  the  same  sample  materials  used 
for  making  these  lasers. 

The  large  variation  of  the  absorption  coefficient  of  ZnSe  in  the 
wavelength  range  of  interest  requires  samples  of  different 
thicknesses  for  transmissivity  measurements.  A piece  of  bulk  ZnSe 
wafer,  which  was  originally  900  pm  thick,  was  thinned  to  35  pm . 
After  thinning,  the  wafer  was  polished  on  a polishing  machine  using 
a nylon  pad  and  0.25  pm  diamond  paste.  Bulk  wafers  with  both  sides 
polished  were  thus  obtained  in  two  thicknesses,  35  pm  and  900  pm . 
For  the  epitaxial  wafers,  a window  needed  to  be  opened  on  the 
substrate  to  get  an  area  of  2 pm  thick  free  standing  ZnSe.  This  was 
done  by  selective  etching  and  is  illustrated  in  Fig.  2-7.  Photoresist 
was  applied  on  the  substrate  side  of  the  wafer.  A round  area  of  about 
1 mm  in  diameter  was  exposed.  The  wafer  was  then  attached 
epilayer  side  down  to  a glass  plate  with  wax  and  etched  with  NH4O  H 
/ H2O2  for  about  20  minutes.  Once  the  GaAs  in  the  window  area  was 
gone,  the  sample  was  removed  from  the  glass  plate  and  transferred 
to  a sample  holder  shown  in  Fig.  2-8  and  Fig.  2-9.  A dummy  GaAs 
wafer  with  an  etched  window  of  the  same  size  was  meanwhile 
prepared  to  serve  as  the  bare  window  for  reference  during  the 
measurements. 

For  the  small  signal  situation,  the  apparatus  shown  in  Fig.  2-8 
was  sufficient  and  convenient  for  transmission  measurements.  The 
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Fig.  2-7.  Illustration  of  the  sample  for  absorption  measurement,  (a) 
Photoresist  pattern  on  the  area  where  the  subatrate  is  to 
be  etched,  (b)  Substrate  halfway  etched,  (c)  A window 
created  on  the  substrate. 


Fig.  2-8.  Schematics  of  absorption  measurement  system  for  small 
signal  situation. 
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Fig.  2-9.  Schematics  of  absorption  measurement  system  for  large 
signal  situation. 


23 


tungsten  light  generated  continuous  spectrum  throughout  the 
wavelength  range  of  interest.  The  transmission  spectrum  was 
obtained  by  dividing  the  spectrum  recorded  with  the  ZnSe  sample 
covering  the  window  by  the  spectrum  recorded  with  the  bare 
window.  With  known  sample  thickness  and  surface  reflectivity, 
absorption  spectrum  was  calculated  from  the  transmission  spectrum. 

When  the  light  intensity  increases  to  the  level  of  the  pump 
intensities  used  for  these  lasers,  the  optical  absorption  of  ZnSe  may 
saturate  and  the  transmission  may  increase  significantly.  To  obtain 
data  for  this  situation,  the  tungsten  light  in  Fig.  2-8  was  replaced  by 
the  same  dye  laser  used  for  the  tunable  photopump.  Since  the  dye 
laser  output  is  pulsed,  it  needed  to  be  converted  to  a DC  signal  with  a 
boxcar  averager.  Figure  2-9  depicts  the  entire  set-up.  The  absorption 
spectrum  were  obtained  in  basically  the  same  manner  as  in  the  small 
signal  case  except  that  it  was  done  point  by  point.  In  other  words, 
absorption  coefficient  at  only  one  particular  wavelength  could  be 
obtained  at  a time  because  the  spectral  width  of  the  dye  laser  output 
is  so  narrow.  The  monochromator  scanned  in  the  neighborhood  of  the 
dye  laser  wavelength.  The  transmissivity  of  ZnSe  at  this  wavelength 
is  therefore  the  ratio  of  the  peak  spectral  height  with  the  sample  on 
to  the  peak  spectral  height  with  the  bare  window  on.  This  process 
was  repeated  while  the  dye  laser  was  tuned  over  the  wavelength 
range  of  interest.  Figure  2-10  shows  13  pairs  of  such  scans.  The 
upper  and  the  lower  peaks  at  each  wavelength  correspond  to  that 
with  the  bare  window  only  and  with  the  ZnSe  sample  on, 
respectively. 
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Fig.  2-10.  Spectral  curves  for  determining  large  signal  a 


CHAPTER  3 
DISCUSSION 

3.1  Optical  Gain 

Optical  gain  is  one  of  the  key  parameters  to  determine  the 
feasibility  and  suitability  for  a material  as  a laser  medium.  Without 
shaping  the  material  into  a laser  cavity,  the  sign  of  optical  gain  can 
usually  be  seen  by  looking  for  the  spectral  narrowing  effect  in  the 
photoluminescence  (PL)  spectra  of  the  material  [Shak73].  In  addition 
to  optical  gain,  these  spectra  can  also  be  expected  to  provide  data  on 
excitation  intensity,  wavelength  and  temperature  required  to  obtain 
such  a gain.  This  information  is  of  fundamental  importance  in 
designing  and  operating  a laser.  Since  the  PL  spectra  can  be  obtained 
by  using  the  tunable  photopumping  system  shown  in  Fig.  2-3  with 
minimum  changes,  it  is  sensible  to  start  the  investigation  by 
analyzing  PL  spectra. 

The  PL  spectra  of  ZnSe  shown  in  Fig.  3-1  were  measured  at 
room  temperature  with  the  experimental  system  illustrated  in  Fig. 
2-3.  The  only  difference  is  that  the  photopumped  laser  was  replaced 
with  a bulk  ZnSe  wafer  with  only  one  cleaved  edge,  which  faces  the 
monochromator.  All  other  sides  were  uncleaved  so  that  no  resonator 
was  formed  and  no  optical  oscillations  occurred.  The  excitation 
intensity  was  varied  by  rotating  the  attenuator.  The  length  of  the 
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Fig.  3-1.  Spectral  narrowing  effect  in  ZnSe  (a)  Spectra  for  various 
input  power  Pi  at  L = 550  pm.  Corresponding  Pi’s 
(beginning  from  the  top  curve):  400  W,  350  W,  300  W 
260  W,  210  W,  and  175  W. 
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Fig.  3-1.  Spectral  narrowing  effect  in  ZnSe  (b)  Spectra  for  various 
length  of  pumped  section  L at  Pi  = 350  W.  Corresponding 
L's  (beginning  from  the  top  curve):  550  pm,  450  pm,  350 
pm,  250  pm,  and  150  pm. 
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excited  region  was  varied  by  blocking  part  of  the  input  light  using  a 
razor  blade  placed  right  next  to  the  sample  wafer. 

According  to  the  theory  concerning  light-material  interaction 
[Bakk77,  Verd81],  if  the  material  has  optical  gain,  the  amplified 
spontaneous  emission  power  P0  is  related  to  the  gain  g0  (for  small 
signal  case)  by 


hvA2iN2 

Po(v)  = {exp[g0(v)L]  - 1 } (3.1) 

go(v0) 

and 


go(v)  = g0(v0) 


(Av  / 2)2 


(3.2) 


(v  - v0)2  + (Av  / 2)2 
where  v is  the  light  frequency,  vQ  is  the  peak  gain  frequency,  h and 
A 21  are  the  Plank  constant  and  the  Einstein  coefficient,  respectively, 
and  N2  is  the  upper  level  population  of  ZnSe.  It  is  noticed  from  Eq. 
(3.2)  that  the  gain  is  a function  of  frequency  and  is  assumed  to  have 
Lorentz  shape.  The  gain  linewidth  Av  is  about  the  same  as  the  PL 
linewidth  under  very  low  excitation  level  (when  there  is  virtually  no 
optical  gain). 

To  calculate  g0(v0)  from  PL  linewidths,  in  the  first  order 
approximation,  it  is  further  assumed  that  N2  and  g0(v0)  are  both 
proportional  to  Ii  in  the  small  signal  situation.  Therefore, 

go(v0)  = Pli  - cto,  (3.3) 

and 


Po(v)  = Ci  { C2  exp[- 


(Av  / 2)2 


(v  - v0)2  + (Av  / 2)2 


-PI|L]  - 1), 


(3.4) 
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where  Ij  is  excitation  intensity,  a0  is  the  small  signal  absorption 
coefficient,  Ci,  C2  and  (3  are  constants  independent  of  Ij  and  v within 
Av.  Define  the  full  width  at  half  maximum  (FWHM)  of  the  PL 
spectrum  Avi  as  the  range  in  which  P0(v)  is  larger  than  one  half  of 
P0(v0),  i.e.  P0(vi)  = 0.5Po(vo)  and  Avi  = 2lv  1 - v0l.  When  the  gain  and 
the  length  of  the  excited  region  are  sufficiently  large,  the  second 
term  in  (3.4)  can  be  ignored  and  (3  can  be  related  to  Avi  by 


1 


1 


1 


x 


PliL. 


(3.5) 


(Avi)2  ln2  (Av)2 
The  line  width  AX  of  the  low  level  excitation  PL  spectra  was  found  to 
be  about  16  nm  for  bulk  ZnSe,  from  which  Av  can  be  calculated. 
Corresponding  (Avi)-2  vs.  Ij  and  (Avj)-2  vs.  L relations  are  obtained 
using  the  data  in  Fig.  3-1  and  are  illustrated  in  Fig.  3-2  and  Fig.  3-3. 
By  curve  fitting,  |3  can  be  calculated  from  these  data  and  Eq.  (3.5). 
Consequently,  peak  small  signal  gain  g0(v0)  as  a function  of  excitation 
intensity  Ij  is  obtained  from  Eq.  (3.3).  The  result  is  presented  in  Fig. 
3-4.  Note  that  Pi  has  been  converted  to  Ij  by  Ij  = Pj  / A,  where  A is 
the  surface  area  of  the  sample  being  excited  and  has  been  given  in 
Sec.  2.1. 


The  resulting  gain  values  of  ZnSe  are  comparable  to  several 
other  semiconductor  laser  media  [Thom82,  Case78,  Agra86].  It 
indicates  that  when  the  sample  is  optically  excited  at  the  level  shown 
at  the  high  end  of  Fig.  3-4,  the  gain  can  be  expected  to  overcome  the 
losses  and  laser  oscillation  should  start  once  an  optical  resonator  is 
properly  constructed.  Of  course,  when  the  sample  is  pumped  to  near 
its  lasing  threshold,  the  optical  gain  will  saturate  and  deviate  from 
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Fig.  3-2.  Avr2  vs.  Ij  for  ZnSe  PL  at  L = 550  ^.m. 
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Fig.  3-3.  Avr2  vs.  L for  ZnSe  PL  at  Pi  = 350  W. 
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g(I):  Gain  calculated  from  Avr2  vs.  Ii 
g(L):  Gain  calculated  from  Avi'2  vs.  L. 


Fig.  3-4.  Estimate  of  optical  gain  of  ZnSe. 
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this  calculation.  A laser  model  will  then  be  used  to  discuss  that 
situation. 


Since  ZnSe  is  a direct  bandgap  material,  it  is  expected  to  have  a 
vary  sharp  optical  absorption  edge  near  its  energy  band  gap,  which 
corresponds  to  about  480  nm  in  wavelength  [Era70].  The  small  signal 
absorption  coefficient  a0  was  measured  by  using  the  apparatus  and 
samples  described  in  Sec.  2.3.  Resulting  absorption  spectrum  in  the 
neighborhood  of  the  energy  bandgap  of  ZnSe  is  given  in  Fig.  3-5.  It 
was  calculated  under  the  assumption  that  a0  is  independent  of  light 
intensity.  Suppose  Ii  and  I0  are  the  input  and  transmitted  light 
intensities  (intensities  of  the  light  passing  the  window  without  and 
with  a sample  covering  it,  respectively),  t is  the  sample  thickness  and 
R is  the  surface  optical  reflectivity  of  ZnSe,  then  for  a homogeneous 
material 


Since  R is  known  to  be  about  17%  in  this  wavelength  range  [Phil63], 
a0  vs.  wavelength  A,  can  be  obtained  from  experimental  data  on  t and 
I0/Ii  vs.  A».  Note  that  the  experimental  error  increases  significantly 
when  I0/Ii  is  close  to  zero  or  one.  This  is  why  each  curve  in  Fig.  3-5 
is  not  considered  accurate  near  its  ends  and  why  samples  of  various 


3.2.  Absorption  Saturation 


I0  = Ii  (1  - R)2  exp  (-  a0t). 


(3.6) 


Therefore, 


(3.7) 
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Wavelength  (nm) 


Abs.  (35):  Data  from  t = 35  pm  bulk  sample 
Abs.  (950):  Data  from  t = 950  pm  bulk  sample 
Abs.  (E):  Data  from  t = 2 pm  epitaxial  sample 

: Fitting  curve  for  bulk  sample 

— — : Fitting  curve  for  epitaxial  sample 


Fig.  3-5.  Absorption  coefficient  curves  for  ZnSe  samples  (at  long 
wavelengths). 
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t's  were  used.  The  two  fitting  curves  are  the  approximate  a0  vs.  X for 
epitaxial  and  bulk  ZnSe. 

When  Ii  is  sufficiently  large,  the  optical  absorption  will  no 
longer  be  a function  of  X only,  it  also  depends  on  the  light  intensity. 
Such  phenomena  is  known  as  absorption  saturation  [Shea77].  In  this 
experiment,  when  Ij  approached  the  level  of  the  threshold  of  these 
photopumped  lasers  (~300  kW/cm2),  the  effective  absorption 
coefficient  a vs.  X was  found  like  that  shown  in  Fig.  3-6.  Such  an  a is 
so  defined  that  the  light  intensity  decays  to  1/e  of  Ii  after  traveling  a 
distance  of  1/a  in  ZnSe.  Small  signal  aQ  vs.  X curve  (measured  on  the 
same  set-up  at  Ij  ~ 20  kW/cm2)  is  also  plotted  in  Fig.  3-6  for 
comparison.  From  these  two  curves,  the  saturation  light  intensity  Is 
of  ZnSe  can  be  estimated.  Usually,  Is  is  defined  by  [Verd81] 

dl(v,x)  a0  I(v,x) 

= , (3.8) 

dx  1 + (I(v,x)  / Is)  y(v) 

where  x is  the  distance  the  light  travels  in  the  ZnSe  material,  I(v,x)  is 
the  light  intensity  and  y(v)  is  the  lineshape  function.  I(vo,x)  can  thus 
be  calculated  by  solving  Eq.  (3.8)  numerically  and  the  result  is  given 
in  Fig.  3-7  for  three  different  Ij  levels  (Ii(v)  = l(v,0)).  It  has  been 
assumed  that  I(v)  has  Lorentz  lineshape,  i.e. 

(Av  / 2)2 

7(v)  = -•  (3.9) 

(Av  / 2)2  + (v  - v0)2 

It  can  be  seen  that  the  I(v0,x)  vs.  x curve  is  more  linearized  as  Ij  = 
I(vo,0)  becomes  larger  and  larger  in  comparison  to  Is.  Meanwhile,  a 
gets  smaller.  As  X changes,  Eq.  (3.8)  also  predicts  changes  in  I(v,x)  vs. 
X and  a vs.  X.  Since  Is(v)  has  inverse  cubic  dependence  on  X [Verd81], 


36 


30000  p- 
\ 25000  ; 

O 20000  7 

Q. 

8 15000  1 

.Q 

< 

§>  10000  j 

o 

£ 5000  ; 

0 *— 
437 


i — ' — ' — '—'—i — ' — 1 — 1—1 — i — r—|—l — 1 — i — 1 — 1 — 1 — 1 — r 


\ 

o 

J 1 L. 


442  447  452  457  462 

Wavelength  (nm) 


467 


Fig.  3-6.  Absorption  coefficient  curve  for  epitaxial  ZnSe  samples  (at 
short  wavelengths). 
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Fig.  3-7.  Ip(x)  curves  for  small  and  big  signals. 
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4rc2hcAv 

Is(v)= , (3.10) 

A.3  T2A21 

it  does  not  change  significantly  in  the  wavelength  range  shown  in  Fig. 
3-6  and  the  variation  in  large  signal  a mainly  comes  from  the  change 
in  y(v).  In  Eq.  (3.10),  X2  is  the  upper  level  lifetime  and  c is  the  speed 
of  light  in  vacuum.  As  a matter  of  fact,  a0,  v0  and  Av  are  all  known  for 
these  ZnSe  samples  (v0  and  Av  are  easily  obtained  from  X0  = 464  nm 
and  AX  = 16  nm,  see  Sec.  3.1).  The  a vs.  X relation  was  thus  calculated 
using  Eq.  (3.7)  through  Eq.  (3.9)  and  compared  with  the  experimental 
data,  as  shown  in  Fig.  3-8.  Meanwhile,  Is(v)  of  ZnSe  was  estimated  to 
be  about  100  kW/cm2.  This  is  believed  to  be  in  a reasonable  range 
although  no  other  data  on  this  parameter  of  ZnSe  has  been  reported 
so  far. 

Finally,  it  is  noted  that  the  small  signal  absorption  coefficient 
a0  of  epitaxial  ZnSe  measured  by  the  two  methods  (shown  in  Fig.  2-8 
and  Fig.  2-9)  is  consistent.  In  Fig.  3-9,  a0  is  plotted  as  a function  of 
the  photon  energy  E and  compared  with  optical  absorption  theory 
[Kitt76].  The  fitting  curve  can  be  expressed  by  an  equation 

cto  = 2.39  x 105  [ (E  . 2.60)1/2  - (0.053)1/2],  (3.11) 

where  a0  is  in  cnr1  and  E is  in  electron  volts.  For  high  purity,  direct 
band  gap  semiconductor  material,  such  relation  is  of  the  form  [Kitt76] 

Oo  = K (E  - Eg) I/2,  (3.12) 

where  Eg  is  the  bandgap  energy  and  K is  a constant  independent  of  E. 
The  discrepancy  is  believed  to  come  mainly  from  the  unknown 
dopants  existing  in  ZnSe. 


Effective  Absorption  (cm 


39 


Wavelength  (nm) 


Abs.  (E):  Experimental 
Abs.  (T):  Theoretical 


Fig.  3-8.  Effective  optical  absorption  coefficient  of  epitaxial  ZnSe 
(large  signal) 
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Squares:  Experimental 
Line:  Theoretical 


Fig.  3-9.  Optical  absorption  coefficient  of  epitaxial  ZnSe  (small 
signal) 
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3.3.  Bulk  ZnSe  Lasers 

It  has  been  established  in  the  last  two  sections  that  once  the 
ZnSe  material  is  pumped  by  photons  of  appropriate  wavelength, 
significant  amount  of  pump  energy  will  be  absorbed  by  ZnSe  and  the 
optical  gain  induced  may  overcome  the  optical  loss.  If  the  ZnSe 
material  has  been  shaped  into  appropriate  optical  resonator,  a sharp 
laser  spectral  line  is  expected  to  emerge  from  the  PL  spectrum 
shown  in  Fig.  3-1.  This  was  indeed  observed  when  a bulk  ZnSe 
resonator  shown  in  Fig.  2-1  was  photopumped  at  457  nm  at  room 
temperature.  Corresponding  spectra  are  presented  in  Fig.  3-10, 
clearly  indicating  laser  oscillations.  The  pump  wavelength  Xp  turned 
out  to  be  critical  for  achieving  laser  action.  As  a matter  of  fact,  the 
first  attempt  to  operate  these  ZnSe  lasers  with  direct  nitrogen  laser 
pump  (A.p  = 337  nm)  was  a failure.  There  have  been  several  other 
reports  on  nitrogen  laser  pumped  bulk  and  superlattice  epitaxial 
ZnSe  lasers,  none  of  them  lased  at  room  temperature  [Sumu89, 
Cata82,  Byls85].  Room  temperature  lasing  was  only  achieved  when 
the  pump  photon  energy  was  tuned  close  to  the  bandgap  energy  of 
ZnSe,  which  corresponds  to  about  480  nm  at  room  temperature.  In 
addition,  the  laser  output  power  also  depends  strongly  on  Xp.  It  is 
much  smaller  at  Xp  =451  nm  than  at  A,p  = 457  nm  for  the  same  pump 
intensity  Ip  [Zmud90].  In  order  to  understand  the  A.p  dependence  of 
the  laser  performance,  the  threshold  pump  intensity  Ith  and  the 
differential  quantum  efficiency  rid  are  first  studied. 


Wavelength  (nm) 


Fig.  3-10.  Lasing  spectra  of  bulk  ZnSe,  (a)  just  above  threshold. 
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Fig.  3-10.  Lasing  spectra  of  bulk  ZnSe,  (b)  well  above  threshold 
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3.3.1.  Pump  Wavelength  Dependence  of  the  Laser  Performance 

Both  rjd  and  Ith  can  be  calculated  from  the  P0  vs.  Ip  curve 
shown  in  Fig  3-11,  where  P0  is  the  laser  output  power  from  one 
facet.  The  threshold  pump  power  Pth  is  defined  as  the  Pp  value  at 
which  the  onset  of  laser  oscillation  occurs,  i.e.  where  P0  takes  off.  The 
threshold  pump  intensity  Ith  is  then  determined  by  dividing  Pth  by 
the  area  of  the  focused  pump  beam  on  the  ZnSe,  i.e.  Ith  = Pth  / (W  x 
L).  The  measurement  of  W and  L,  which  are  the  width  and  the  length 
of  the  pumped  region,  has  been  described  in  Sec.  2.1.2.  It  can  be  seen 
in  Fig.  3-11  that  P0  depends  on  Ip  linearly  in  most  part  of  the  Ip  > Ith 
range.  It  is  sufficiently  accurate,  therefore,  to  assume  that  P0  vs.  Ip 
follows  a straight  line  as  shown  in  Fig.  3-11  when  Pp  > Pth  and  define 
Pd  as 


Pd  = Pi  Po  = 


A,q 

Pg 

Po 

^.p 

Pp  " Pth 

Lpg  J 

(3.13) 


where  the  first  bracketed  symbol,  Pi,  is  the  internal  quantum 
efficiency,  the  second,  p0,  is  the  output  efficiency,  Pq  is  the  average 
laser  power  generated  during  each  pump  pulse  and  Po  and  Pp  are  on 
the  fitting  line  shown  in  Fig.  3-11.  Therefore,  Pd  is  independent  of  Pp. 
It  can  be  seen  from  Eq.  (3.13)  that  pj  is  the  ratio  by  which  the  above 
threshold  pump  photons  are  converted  to  laser  photons.  The  output 
efficiency  p0  can  be  expressed  by  [Wagn88] 


In  (1  / Ro) 


Po 


2Lai  + 21n(l/  R0) 


(3.14) 


(arb.  unit) 
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lp  (kW/cm2) 


Fig.  3-11.  P0  vs.  Ip  curve  for  a bulk  ZnSe  laser. 
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where  R0  is  the  power  reflectivity  of  the  output  facet,  L is  the 
resonator  length  and  aj  is  the  internal  loss  coefficient.  Both  rid  vs.  Xp 
and  Ith  vs.  A.p  are  plotted  in  Fig.  3-12. 

It  is  immediately  known  from  Fig.  3-12  that  there  exists  an 

optimum  Xp  - 461  nm,  where  rid  is  the  highest  and  Ith  is  the  lowest. 
It  is  also  seen  that  rid  drops  significantly  as  Xp  deviates  from  its 
optimum  value.  This  is  why  such  lasers  do  not  operate  at  room 
temperature  when  pumped  with  A.p  < 445  nm,  including  the  nitrogen 
laser  wavelength  (337nm).  To  understand  the  behavior  of  Tjd>  Eq. 

(3.13)  and  (3.14)  need  to  be  studied  again. 

In  Eq.  (3.14),  R0  obviously  does  not  have  strong  Xp  dependence. 
The  most  important  mechanisms  giving  rise  to  aj  in  these  lasers  are 
free  carrier  absorption,  scattering  and  waveguide  losses.  The  first 
two  types  of  loss  are  usually  under  20  cm'1  for  semiconductor 

materials  of  good  quality  [Wagn88].  The  waveguide  loss,  which 
results  from  the  lack  of  an  index  waveguide  structure  in  these  lasers, 
is  expected  to  be  much  higher  than  the  first  two  but  not  to  have 
significant  change  in  the  small  Xp  range  shown  in  Fig.  3-12.  Therefore 
oci  and,  consequently,  ti0  only  depend  weakly  on  X,p.  The  strong 

dependence  of  on  A.p  in  the  figure  must  be  due  primarily  to  the 
dependence  of  rn  on  A.p.  Since  m is  determined  by  the  yield  of  laser 
photons,  it  is  expected  to  depend  strongly  on  the  fractions  of  the 

laser  mode  in  the  gain  and  the  loss  regions.  In  other  words,  in 
depends  on  the  laser  mode  profile  and  the  gain  profile  in  these  lasers 
at  various  A,p's. 

The  laser  mode  profile  can  be  obtained  directly  from  near  field 
measurement.  It  is  difficult,  however,  to  measure  the  gain/loss 
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Fig.  3-12.  Hd  and  Ith  vs.  Xp  for  a bulk  ZnSe  laser. 
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profile  directly.  In  the  next  section,  a unique  method  of  calculating 
the  gain/loss  profile  by  analyzing  the  near  field  and  far  field  data  is 
presented.  The  results  can  be  used  for  a semi-quantitative  estimate 
of  the  rid  vs.  A.p  relation  and  for  verifying  the  above  theory. 

3.3.2.  Near  and  Far  Fields 

Near  field  pictures  taken  at  short  and  long  ends  of  the  Xp  range 
in  Fig  3-12  are  presented  in  Fig  3-13.  It  can  be  seen  that  the  field 
spreads  more  at  longer  A.p.  Exact  near  field  profiles  were  plotted  as 
described  in  Sec.  2.2.  A typical  profile  is  shown  in  Fig.  3-14. 

Since  the  electric  field  (E)  component  of  the  far  field  is  the 
Fourier  transform  of  the  near  field  E [Hech79],  the  far  field  profile  is 
determined  by  both  the  magnitude  and  the  phase  variations  of  the 
near  field  E.  As  a result,  a single-lobe  near  field  may  give  rise  to  a 
double-lobe  far  field  [Ster82],  as  shown  in  Fig.  3-15.  By  looking  at  the 
shape  and  size  of  the  far  field  pattern,  it  can  also  be  known  from  the 
Fourier  transform  theory  that  the  near  field  is  composed  of  a string 
of  light  emitting  elements  of  approximately  3 pm  x 3 pm  in  size.  A 
plot  of  a typical  far  field  profile  is  given  in  Fig.  3-16. 

The  fact  that  a single-lobe  near  field  results  in  a double-lobe 
far  field  reveals  that  the  equiphase  front  of  the  near  field  is  curved 
rather  than  flat.  A curved  equiphase  front  is  an  evidence  of  gain 
guiding,  an  effect  by  which  the  laser  photons  are  confined  in  the  gain 
region  even  though  there  is  no  index  guide  [Asbe79].  The  gain 
guiding  effect  is  further  evidenced  by  the  beam  waist  recession 
effect  [Cook74],  in  which  the  near  field  pattern  appears  to  be  located 
a certain  distance  behind  the  emitting  facet.  The  amount  of  recession 
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Fig.  3-13.  Near  field  pictures  of  a bulk  ZnSe  laser,  (a)  Xp  = 453  nm. 
(b)  Xp  = 461  nm. 
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Fig.  3-14.  Near  field  profile  of  a bulk  ZnSe  laser. 
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Fig.  3-15.  Near  and  far  field  pictures  of  a bulk  ZnSe  laser  (both  at  A.p 
= 461  nm). 
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Fig.  3-16.  Far  field  profile  of  a bulk  ZnSe  laser. 
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depends  on  how  strong  the  gain  guiding  is  [Bies83]  and  is  plotted  vs. 
A,p  for  these  bulk  ZnSe  lasers  in  Fig.  3-17. 

In  addition  to  showing  the  gain  guiding  effect,  the  near  and  far 
field  profiles  and  their  relations  also  provide  us  with  data  for 
estimating  the  carrier  distribution  and  the  laser  mode  confinement 
factor.  Laser  performance  can  therefore  be  evaluated. 

3.3.3.  Gain  Guiding  Model 

Since  the  gain  profile  can  not  be  measured  directly,  a certain 
distribution  function  needs  to  be  assumed  for  it.  Two  distribution 
functions  which  give  analytical  solutions  for  near  and  far  field 
profiles  are  in  parabolic  and  cosh"2  forms.  The  parabolic  function  is 
not  considered  realistic  for  these  lasers  because  it  assumes  infinitive 
loss  in  the  unpumped  region.  The  cosh'2  function  is  chosen  partly 
because  the  near  field  profile  calculated  from  it  is  reasonably  close  to 
what  was  measured  and  partly  for  the  convenience  of  the  analytical 
solutions  it  provides.  The  modeling,  described  next,  starts  at  a fixed 


Let  x be  the  distance  from  the  pumped  surface,  gm  the 
maximum  of  optical  gain  g(x)  and  s the  depth  of  the  gain  region,  i.e. 
the  x value  at  which  g(x)  reduces  to  0,  then  g(x)  can  be  expressed  by 


It  can  be  shown  [Thom82]  that  the  E component  of  the  near  field 
generated  by  such  a gain  profile  is  written  as 


where  E0  is  a constant  and  u = ui  + iu2  is  a complex  parameter  to  be 
determined.  Illustrative  g(x)  and  IE(x)l2  curves  are  shown  in  Fig. 


g(x)  = (gm  + cq)  cosh'2(2x/s)  - cq. 


(3.15) 


E(x)  = E0  cosh'u(2x/s), 


(3.16) 


(turt)  uosssaoey 


54 


Pump  Wavelength  (nm) 


Fig.  3-17.  Beam  waist  recession  effect. 
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3-18.  Since  the  nonradiative  surface  recombination  is  not  considered 
in  this  model,  both  curves  reach  their  maxima  at  x = 0.  The  drop  of 
IE(x)l2  near  x = 0 as  seen  in  the  measured  near  field  profile  (Fig. 
3-14)  is  believed  to  be  due  to  such  effect.  Similar  behavior  is  also 
expected  for  g(x).  As  long  as  A.p  is  not  too  short,  the  surface  effect  will 
not  significantly  affect  E(x)  and  g(x)  so  that  the  model  is  valid.  In  Fig. 
3-18,  seff  is  the  1/e2  depth  of  IE(x)l2,  which  can  be  measured  from  the 
near  field  profile.  It  can  be  expressed  in  terms  of  s and  ui  by  letting 
IE(seff)l2  = E02/e2  in  Eq.  (3.16),  which  yields: 


The  gain  region  depth  s,  which  is  roughly  the  depth  within  which  the 
carriers  are  confined,  can  be  calculated  using  the  far  field  data  as 
follows. 

Since  u = ui  + iu2  is  complex,  the  phase  front  of  E(x)  is  curved. 
Furthermore,  if  U2  is  greater  than  u\,  the  far  field  pattern  splits  into 
two  lobes.  The  angular  spacing  0O  between  the  two  lobe  peaks  is 
related  to  U2  by  [Thom82]: 


where  k = 2n/X0.  The  parameter  U2  is  further  related  to  the  laser 
cavity  properties  by: 


uiln[cosh(2seff/s)]  = 1. 


(3.17) 


(3.18) 


u2  = (2ui  + 1)  ( b/2)  - [(b2  +1)  (2ui  + l)2  - l]1/2, 


(3.19) 


where 


ui  = 


2 (Am  - Az) 


(3.20) 


and 
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Fig.  3-18.  Gain  and  optical  field  distribution  (theoretical). 
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4(Am  + Af)2  - (sk)4  (Am  - Az)4 

b = • (5-21) 

4 (Am  + Af)  (sk)2 

In  Eq.  (3.20)  and  Eq.  (3.21),  Am  = ngm/k,  Az  = ngth/k  and  Af  = na/k, 
where  n is  the  refractive  index  of  ZnSe  and  gth  is  the  threshold  gain 
coefficient.  It  can  be  shown  that  when  Ibl  » 1 and  sk  » 1,  Eq.  (3.19) 
and  Eq.  (3.21)  become: 


and 


U2  = 


- kngthS2[(Af/Az)  - 1] 
8ui 


(3.22) 


- (sk)2  (Am  - Az)2 

b = . (3.23) 

4 (Am  + Af) 

From  Eq.  (3.17),  (3.18)  and  (3.22), 

gthns[(Af/Az)  + 1]  ln[cosh(seff/s)]  = 4sin0o.  (3.24) 

Therefore,  s can  be  obtained  for  from  Eq.  (3.24)  numerically.  In  the 

equation,  gth  can  be  estimated  from  the  optical  gain  and  the  It  h 

measurement,  as  described  in  Sec.  3.1  and  Sec.  3.3.1.  Other 
parameters  a,  seff  and  0O  have  all  been  found  experimentally  as 
functions  of  kp  in  the  wavelength  range  of  455  nm  to  462  nm.  In  Fig. 

3-19,  seff  vs.  A,p  and  Go  vs.  A,p  are  shown.  Resulting  s vs.  A.p  relation  is 

obtained  and  is  illustrated  along  with  seff  vs.  Xp  in  Fig.  3-20.  It  is 
noticed  that  s decreases  much  faster  with  decreasing  A.p  than  seff, 
which  implies  that  the  portion  of  the  laser  mode  located  in  the  gain 
region  reduces  as  Xp  decreases,  i.e.  the  mode  confinement  factor  T 
decreases  with  >,p. 

Mathematically,  T can  be  written  as  [Bote84]: 
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Fig.  3-19.  Near  field  width  and  angular  spacing  of  far  field  peaks  vs. 
A.p  (experimental  data). 
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Fig.  3-20.  Theoretical  s (width  of  gain  region)  and  seff  (width  of 
near  field)  vs.  kp. 
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JS  IE(x)|2dx 

r = — . (3.25) 

J°°  IE(x)l2d  x 
0 

The  Ap  dependence  of  T is  calculated  using  Eq.  (3.16),  (3.25)  and  the  s 
vs.  Ap  relation.  It  is  plotted  and  compared  with  the  experimental  rid 
vs.  A p relation  (normalized)  in  Fig.  3-21.  It  can  be  seen  that  they 
have  the  same  trend  but  also  discrepancies.  This  indicates  that  r can 
be  responsible  for  the  strong  dependence  of  r|d  on  Ap.  Meanwhile,  it 
needs  to  be  pointed  out  that  the  assumptions  made  in  this  treatment, 
e.g.  the  cosh'2  gain  distribution  and  the  ignorance  of  surface 
recombination,  are  not  sufficiently  accurate.  The  drop  in  rid  on  the 
right  hand  sides  of  Fig.  3-12  and  Fig.  3-21  are  attributed  to  the 
reduced  laser  photon  generation  due  to  smaller  pump  photon 
absorption,  which  is  less  related  to  T. 

3.3.4.  Comparison  with  Bulk  GaAs  Lasers 

The  behavior  of  rid  vs.  Ap  of  photopumped  bulk  ZnSe  lasers  may 
raise  questions  about  the  suitability  of  ZnSe  as  a laser  medium 
because  its  T]d  is  generally  low  and  is  so  sensitive  to  Ap.  In  an  attempt 
to  clarify  this  issue,  GaAs,  the  most  commonly  used  laser  material, 
was  photopumped  under  the  same  conditions.  An  undoped  (100) 
oriented  bulk  GaAs  wafer  was  shaped  into  resonators  similar  to  the 
ZnSe  resonators  shown  in  Fig.  2-2.  The  pump  wavelength  Ap  was 
tuned  from  810  nm  to  870  nm.  Resulting  spectra  at  various  pump 
intensities  and  the  rjd  and  Ith  vs.  Ap  relations  are  respectively 
presented  in  Fig.  3-22  and  Fig.  3-23.  It  can  be  seen  that  the  behavior 
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Fig.  3-21.  T (mode  confinement  factor,  theoretical)  and  experimental 
rid  vs.  Xp. 
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Fig.  3-22.  Spectrum  of  a photopumped  bulk  GaAs  laser. 
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Fig.  3-23.  rid  and  Ith  vs.  for  bulk  GaAs. 
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of  a photopumped  bulk  GaAs  laser  is  very  similar  to  that  of  ZnSe.  The 
shapes  of  their  spectra  resemble  each  other.  The  magnitude  of  their 
Hd's  and  Ith's  are  comparable.  Especially,  the  Xp  dependences  of  rid  for 
the  two  materials  are  almost  the  same.  This  is  better  seen  when  qd  is 
normalized  and  Xp  is  converted  to  the  offset  of  pump  photon  energy 
from  its  optimum  value  (at  which  the  maximum  rid  is  reached). 
Figure  3-24  illustrates  this  comparison.  The  close  match  between  the 
two  curves  indicates  that  ZnSe  can  be  as  good  as  GaAs  for  making  a 
laser  medium.  Once  an  appropriate  confinement  and  current  injection 
structure  is  developed,  it  is  expected  that  a ZnSe  based  diode  laser 
can  be  fabricated. 


3.4.  Epitaxial  ZnSe  Lasers 

Since  the  goal  of  the  photopump  experiment  is  to  develop  diode 
lasers  which  are  operated  by  current  injection,  as  pointed  out  in 
chapter  1,  carrier  and  optical  confinement  structures  need  to  be  built 
for  a diode  laser.  To  find  the  feasibility  of  doing  this  with  ZnSe, 
photopumped  epitaxial  ZnSe  lasers  were  fabricated  as  described  in 
Sec.  2.1.1.  It  is  relatively  easy  to  grow  a single  layer  thin  film  ZnSe  on 
GaAs  substrates  because  of  their  close  lattice  match.  However,  the 
energy  band  alignment  and  the  refractive  index  step  between  the 
two  material  are  not  favorable  for  carrier  and  optical  confinement 
[Kroe84,  McCa90].  It  is  therefore  questionable  that  if  such  a laser  can 
work  properly  at  room  temperature.  To  find  the  answer,  these 
epitaxial  ZnSe  lasers  were  photopumped  at  various  Xp  by  tuning  the 
pump  laser  output  from  440  nm  to  460  nm.  The  spectrum,  the  P0  vs. 
Pp  curve  and  the  near  and  far  field  patterns  (all  recorded  at  Xp  = 450 
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Fig.  3-24.  Comparison  of  rid  vs.  normalized  AE  between  ZnSe  and 
GaAs. 
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nm),  as  shown  in  Fig.  3-25  through  Fig.  3-27,  clearly  indicate  lasing. 
For  the  same  reason  as  given  in  Sec.  3.3.2,  the  near  field  is  believed 
to  consist  of  a string  of  emitting  elements  of  about  1 [im  x 2[im  in 
size.  The  result  also  suggests  that  the  loss  in  such  a structure  is  not 
likely  to  be  as  large  as  it  might  be  expected.  To  find  the  reason,  the 
Xp  dependence  of  the  laser  performance  was  first  studied. 

3.4.1.  Pump  Wavelength  Dependence  of  the  Laser  Performance 

Results  on  rid  vs.  Xp  and  Ith  vs.  Xp  for  such  an  epitaxial  ZnSe 
laser  is  given  in  Fig.  3-28.  Both  rid  and  Ith  are  calculated  from  the  P0 
vs.  Pp  curve  like  the  one  in  Fig.  3-26  at  various  kp's.  They  are  both 
defined  in  the  same  manner  as  in  Sec.  3.3.  Their  Xp  dependence  is 
similar  to  that  for  the  bulk  ZnSe  lasers  to  certain  extent  and  is 
believed  to  be  due  to  similar  mechanisms  (see  Sec.  3.3).  The 
waveguide  loss  is  still  expected  to  dominate  cq  due  to  the  lack  of  total 
internal  reflection  at  the  ZnSe/GaAs  interface  and  the  absorption  in 
the  GaAs  substrate.  Therefore,  oq  is  still  a weak  function  of  A.p  in  the 
wavelength  range  shown  in  Fig.  3-28  and  rid  vs.  is  mainly 
determined  by  r\\  vs.  A.p.  Since  the  laser  mode  in  the  epitaxial  ZnSe 
laser  is  much  better  defined  than  in  a bulk  laser,  the  physical 
meaning  of  rj  j can  by  seen  more  clearly. 

Let  Rp,  Rq  and  Rth  be  the  pump  photon  input  rate,  the  laser 
photon  generation  rate  and  the  threshold  pump  photon  rate, 
respectively.  Then  Rp  = Pp/(hvp)  = Pp^p/(hc),  where  vp  is  the  pump 
light  frequency.  Similarly,  Rth  = PtiAp/(hc)  and  Rq  = P0X0/(hc). 
Therefore,  it  follows  from  Eq.  (3.13)  that 
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Wavelength  (nm) 

Fig.  3-25.  Lasing  spectra  of  epitaxial  ZnSe 
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Fig.  3-26.  P0  vs.  Pp  curve  for  an  epitaxial  ZnSe  laser. 
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Fig.  3-27.  Near  and  far  field  pictures  of  an  epitaxial  ZnSe  laser. 
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Fig.  3-28.  rjd  and  Ith  vs.  X,p  for  an  epitaxial  ZnSe  laser. 


(3.26) 


7 1 
Rg 

m = . 

Rp  ■ Rth 

hence, 

tijRp  = TijRth  + Rg.  (3.27) 

Suppose  Rsp  and  Rnr  are  the  spontaneous  emission  photon  rate  and 
the  nonradiative  recombination  photon  rate  in  the  laser  mode 
volume,  respectively.  Let  rjn  be  the  fraction  of  pump  photons  being 
converted  to  carriers,  which  recombine  in  the  laser  mode  volume. 
Since  laser  photons  are  always  generated  in  the  laser  mode  volume, 
in  steady  state,  photon  conservation  in  the  volume  requires  that 

^InRp  = Rsp  Rnr  + Rg-  (3.28) 

At  the  threshold,  no  laser  photons  are  generated,  therefore  Rg  = 0.  It 
follows  from  Eq.  (3.28)  that 

TJnRp  = ^InRth  = Rsp  Rnr.  (3.29) 

Since  the  carrier  density  in  the  laser  mode  volume  is  clamped  at  its 
threshold  level  when  Rp  goes  beyond  Rth  [Biar64],  the  second 
equation  of  Eq.  (3.29)  is  also  valid  for  above  threshold  situation 
provided  that  r|n  remains  constant.  Eq.  (3.28)  can  therefore  be 

written  as 

^lnRp  = T]nRth  + Rg.  (3.30) 

By  comparing  Eq.  (3.27)  and  Eq.  (3.30),  we  have 

Tin  = "Hi.  (3.31) 

When  Rp  » Rth,  it  can  further  be  seen  from  Eq.  (3.27)  and  Eq.  (3.30) 
that  Tin  **  rji  is  still  valid  even  if  rin  changes  with  Rp.  Therefore,  rii  is 
actually  the  fraction  of  pump  photons  being  converted  into  carriers, 
which  recombine  in  the  laser  mode  volume.  As  A.p  changes,  m can 
thus  be  reduced  in  two  manners:  (a)  at  certain  Xp's,  pump  photons 
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are  not  absorbed  in  or  near  the  laser  mode  volume  due  to 
inappropriate  a and  (b)  carriers  recombine  nonradiatively  outside 

the  lasing  mode  (e.g.  at  the  surface)  before  they  diffuse  into  the 

mode  volume  to  contribute  to  lasing. 

Based  on  this  theory,  the  rjd  vs.  Xp  curve  in  Fig.  3-28  can  be 

qualitatively  interpreted  as  follows.  Near  the  right  end  of  each  curve 
in  Fig.  3-28,  rid  is  low,  because  much  reduced  a causes  pump  photons 
and  carriers  to  penetrate  deep  enough  that  they  are  lost  outside  the 
laser  mode  volume.  As  Xp  decreases,  rid  grows  because  increasing  a 
prevents  excess  pump  photon  penetration  so  that  more  carriers  are 
generated  inside  or  nearby  the  mode  volume.  These  carriers  thus 
have  greater  probability  to  recombine  radiatively  in  the  laser  mode 
and  contribute  to  lasing.  As  A.p  decreases  furthermore,  very  large  a 
results  in  little  penetration  of  pump  photons,  which  causes  smaller 
amount  of  carriers  to  be  generated  in  the  laser  mode  volume  and 
most  of  them  generated  very  close  to  the  surface.  The  carriers  near 
the  surface  tend  to  recombine  nonradiatively  at  the  surface  before 
having  a chance  to  diffuse  into  the  mode  volume  and  to  contribute  to 
lasing.  Tid  is  thus  lowered  once  again. 

Since  the  laser  mode  in  the  epitaxial  ZnSe  laser  is  well  defined 
and  is  independent  of  Xp,  the  rid  vs.  Xp  and  Ith  vs.  Xp  relations  can  be 
modeled  better  than  for  a bulk  laser.  By  using  waveguide  theory  and 
the  continuity  equation,  both  the  laser  mode  profile  and  the  carrier 
distribution  can  be  calculated  more  accurately.  With  the  a vs.  Xp 
relation  known,  they  can  be  converted  to  the  relative  changes  of  rid 
and  Ith  with  A.p  and  compared  with  experimental  data.  Such  semi- 
quatitative  treatment  is  presented  next. 
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3.4.2.  Continuity  Equation  Model 

Carrier  distribution  in  a semiconductor  material  is  governed  by 
the  continuity  equation,  for  the  one  dimensional  situation  [Hwan69], 


d2n(x)  n(x) 

D + G exp  ( - ax)  = 0. 


(3.32) 


dx2  x 

In  the  above  equation,  x is  the  distance  from  the  surface,  n(x)  is  the 
carrier  density  at  x,  x is  carrier  lifetime,  G is  carrier  generation  rate 
at  the  surface  and  D and  a are  the  diffusivity  of  the  carriers  and  the 
optical  absorption  coefficient  of  the  material.  For  a photopumped 
laser,  the  carriers  are  generated  at  the  surface  (x  = 0)  by  pump  light, 
therefore: 


1 dlp(0) 

G = ( ) (— ), 


(3.33) 


hv  dx 

where  Ip(0)  is  the  pump  light  intensity  at  the  surface.  The  boundary 
conditions  for  Eq.  (3.32)  are  determined  by  the  behavior  of  carriers 
at  the  surface  (x  = 0)  and  the  ZnSe/GaAs  interface  (x  = t = 1 pm). 
Non-radiative  surface  recombination  makes  the  surface  behave  as  a 
carrier  sink.  If  vs  is  the  surface  recombination  velocity,  such  a 
process  can  be  written  as: 


dn(0)  vs 

= n(0).  (3.34) 

dx  D 

It  is  not  yet  clear  what  the  most  appropriate  expression  is  for  the 
behavior  of  carriers  at  the  x = t interface.  Conservatively  speaking, 
however,  the  carrier  population  must  diminish  after  being  created  at 


small  x's  and  traveling  deep  enough  into  the  material.  Therefore,  the 

other  boundary  condition  is  written  as 

n(  °°  ) = 0.  (3.35) 

Eq.  (3.32)  can  be  solved  analytically  using  Eq.  (3.34)  and  Eq.  (3.35). 
Let  L = (Dt)1/2  be  the  diffusion  length  of  carriers,  the  solution  to  Eq. 

(3.32)  is  obtained  as 


aIp(0)L2 

n(x)  = 

hvD(l  - a2L2) 


[exp(-ax) 


a + (vs/D)  x 

exp  ( )], 

(1/L)  + (vs/D)  L 


(3.36) 


which  is  plotted  for  large  and  small  a,  corresponding  to  short  and 
long  Xp,  in  Fig.  3-29.  It  can  be  seen  that  at  short  Xp,  the  carriers  are 
found  closer  to  the  surface  and  their  concentration  is  higher.  At 
longer  A.p's,  the  carriers  spread  more  into  the  material  and  their  peak 


concentration  is  lower. 

The  laser  mode  profile  can  be  obtained  by  solving  the 

electromagnetic  field  equations  (for  TEo  mode)  [Hall73]  for  this 
waveguide  structure  (Fig.  3-30): 

Ey (x)  = A exp(ih3x)  (x  > t) 

Ey(x)  = B cos(h2x)  + C sin(h2x)  (0  < x < t)  (3.37) 

Ey(x)  = D exp(-ihix)  (x  < 0) 

where  hi  = ik2[l  - (ei/ea)]1/2,  h2  = (rc/t2)[t  - (hfci)  - i(f3/k3)], 
h3=  k2[(ic/ea)  - U1/2,  f2=  [1  - (ei /ea)]-1/2,  h = [&/£«)  - 1]'1/2, 
k2=  (2rcA)(ea/eo),  ^3  = (27tA)(ec/eo),  and  A,  B,  C and  D are  constants. 
At  the  output  wavelength  of  these  lasers  (A.  = 469  nm),  the  dielectric 
constants  are  known  to  be  ei  = eo,  ea  = 7.87eo,  and  Eq  = (20.50  + 
i5.435)  eo  [Wang81].  Therefore,  Ey(x)  in  the  ZnSe  layer  (0  < x < t)  can 
be  solved  for  from  Eq.  (3.37),  which  yields 


n(x) 


Fig.  3-29.  Theoretical  n(x)  at  various  a (i.e.  various  Xp). 


Air 


L 


ZnSe  £a 


Fig.  3-30.  Leaky  guide  structure. 
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Ey(x)  = C[sin(1.55x)  + 6.29x1 0-3cos(1.55x)  + 3.05xl0-2cos2(1.55x)], 

(3.38) 

where  C is  a constant.  The  laser  light  intensity  distribution  IQ(x)  is 
thus  obtained  as 

I0(x)  = Ey*(x)  Ey(x)  = C2[sin2(1.55x)  + 6.29x10-3  sin(3.09x)].  (3.39) 

Both  n(x)  and  I0(x)  are  plotted  in  Fig.  3-31  for  various  a’s.  The  I0(x) 
profile  is  usually  called  the  laser  mode  profile.  It  is  interesting  to 
notice  that  the  laser  mode  is  almost  completely  confined  in  the  ZnSe 
active  layer  although  a negative  refractive  index  step  exists  between 
the  active  and  the  cladding  layer.  A physical  interpretation  on  this  is 
to  be  given  in  Sec.  3.4.5.  It  can  also  be  shown  that  the  peak  intensity 
of  the  laser  mode  is  always  found  near  the  middle  of  the  active  layer 
(x  = 0.5t)  for  this  type  of  structure  regardless  the  value  of  t. 

It  has  been  established  in  Sec.  3.3  that  rid  vs.  relation  mainly 
depends  on  the  rjj  vs.  Xp  relation.  It  was  also  shown  that  rji  is  actually 
the  fraction  of  pump  photons  converted  to  carriers,  ending  up  in  the 
laser  mode  volume.  Since  the  mode  volume  for  these  epitaxial  ZnSe 
lasers  is  the  ZnSe  active  layer  (0  < x < t in  Fig.  3-30),  rjd  is  thus 
proportional  to  the  total  amount  of  carriers  in  the  active  layer  in 
steady  state.  Quantitatively,  for  a fixed  pump  intensity  Ip(0), 


rid  = k 


*t 

n(x)  dx, 

Jo 


(3.40) 


where  k is  a constant.  Substituting  Eq.  (3.36)  into  Eq.  (3.40),  rjd  at 
various  a,  i.e.  various  A.p,  can  be  calculated.  The  result  for  A.p  = 440 
nm  to  465  nm  is  shown  and  compared  with  experimental  rid  in  Fig- 
3-32.  Note  that  both  theoretical  and  experimental  rj d’s  have  been 


I (X)  (a.u.) 


78 


Fig.  3-31.  Theoretical  I0(x)  and  n(x)  at  various  a. 
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Fig.  3-32.  Comparison  between  theoretical  and  experimental  r|d(A.p). 
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normalized  for  making  a direct  comparison.  In  the  calculation,  L - 0.5 
pm  [Gaut82]  and  vs/D  = 106  cm'1  [Nag80]  were  assumed.  They  were 

not  measured  here  for  the  laser  material  used  in  this  work.  The 

discrepancy  at  the  short  Xp  side  is  believed  to  mainly  come  from  the 

inaccurate  estimate  of  these  values. 

The  threshold  pump  intensity  Ith  needs  to  be  calculated  from 

the  threshold  mode  gain  Gth-  For  a DH  laser,  Gth  is  conventionally 

defined  as  [Case78] 

Gth  = T gth,  (3-41) 

where  V is  the  same  as  defined  in  Eq.  (3.25).  gth  is  the  threshold  gain 
in  the  active  layer  and  is  assumed  to  be  uniform,  i.e.  gth  * gth(x).  For 
the  ZnSe  epitaxial  lasers  being  studied  here,  gth  varies  with  x 
because  the  carriers  are  not  well  confined.  Gth  thus  has  to  be  derived 
from  the  original  threshold  condition. 

Suppose  the  laser  light  propagates  in  z direction  between  z = 0 

to  z = L,  as  shown  in  Fig.  3-30.  The  light  intensity  I0  can  then  be 

written  as 

I0(z)  = Ix  i(z),  (3.42) 

where 

Ix  = J i(x)  dx.  (3.43) 

0 

In  writing  the  above  two  equations,  it  has  been  assumed  that  the  x 
dependence  of  I0  does  not  change  with  z and  the  variation  of  IQ  in 
the  third  dimension  has  been  ignored,  i.e.  I0(x,z)  = i(x)i(z).  Like  I0(x) 
in  Eq.  (3.39),  i(x)  describes  the  laser  mode  profile,  . Let  g be  the 
optical  gain  and  assume  that  g does  not  depend  on  z,  i.e.  g = g(x). 
According  to  the  definition  of  gain,  I0  satisfies 


dl0(x,z) 


(3.44) 


8 1 

= [g(x)  - aj]  I0(x,z), 
dz 

where  a i is  the  optical  loss  defined  earlier.  By  integrating  both  sides 
of  the  above  equation  with  respect  to  x and  using  Eq.  (3.42)  and 
(3.43),  we  have 

-foo 

JZ  [Io(z)l  = Io(z)  If"  Jg(x)i(x)dx  - ai  ].  (3.45) 

a x o 

Define  mode  gain  G as 

1 +oo 

G s j g(x)i(x)dx.  (3.46) 

Ix  o 

Eq.  (3.45)  then  becomes 

d 

[Io(z)l  = Io(z)  [G  - ai].  (3.47) 

dz 

Eq.(3.47)  is  of  the  same  form  as  the  standard  differential  equation 
for  finding  the  threshold  gain  of  a laser  [Thom82].  By  solving  Eq. 
(3.47)  and  using  the  threshold  condition,  the  threshold  gain  Gth  can 
be  obtained  as 

Gth  = oci+  [ln(l/R0)]/L.  (3.48) 

Using  Eq.  (3.25),  it  can  also  be  easily  shown  that  Gth  reduces  to  that 
given  in  Eq.  (3.41)  if  gth  is  constant  in  the  active  layer  and  zero 
elsewhere.  It  is  known  from  Eq.  (3.48)  that  Gth  is  essentially 
independent  of  A.p  in  the  range  shown  in  Fig.  3-28  because  it  has 
been  established  earlier  that  all  the  parameters  on  the  right  hand 
side  do  not  depend  strongly  on  A.p.  Therefore,  the  Xp  dependence  of 
Ith  must  come  from  the  A.p  dependence  of  i(x)  and  g(x),  according  to 
Eq.  (3.46).  Since  [Biar64] 
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g(x)  = x [n(x)  -ntr],  (3.49) 

where  ntr  is  the  n(x)  value  when  the  material  is  transparent  and  x is 
a constant,  at  threshold,  Eq.  (3.46)  becomes 

+oo  +00 

Gth  = Jnth(x)i(x)dx  - Ji(x)dx.  (3.50) 

lx  o x o 

According  to  Eq.  (3.36),  n(x)  = £Ip(0)no(x),  where  ^ is  a constant  and 
n0(x)  is  the  n(x)  at  certain  fixed  Ip(0),  which  can  be  considered  as  the 
normalized  carrier  distribution  function.  At  threshold,  n(x)  thus 
becomes 


nth(x)  = UthMx).  (3.51) 

Substitute  Eq.  (3.43)  and  (3.51)  into  Eq.  (3.50),  Ith  can  be  expressed 
as 

Ith  = k x Gth  + %ntr 


Jn0(x)i(x)dx 

o 

Since  Ix,  x,  Gth  and  ntr  are  all  constants  when  A,p  changes,  Ith  can 
be  written  as 


Ith  = 


K 


+oo 


(3.52) 


Jn0(x)i(x)dx 


where  K is  another  constant.  Eq.  (3.52)  indicates  that  Ith  not  only 
depend  on  whether  the  carriers  are  found  within  the  mode  volume, 
but  also  on  how  they  distribute  and  overlap  with  the  mode  profile. 
Once  again,  as  n0(x)  changes  with  A,p,  Ith  vs.  Xp  can  be  obtained  from 
Eq.  (3.52).  The  relation  is  illustrated  and  compared  with  the 
experimental  data  in  Fig.  3-33.  The  values  were  also  normalized  to 
facilitate  comparison.  There  is  a growing  discrepancy  between  the 


Normalized  Threthold 
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♦ Experimental  Theoretical 
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Fig.  3-33.  Comparison  between  theoretical  and  experimental  Ith(^p)- 
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experiment  and  the  theory  on  the  long  A,p  side.  This  can  be  partly 
attributed  to  the  boundary  condition  Eq.  (3.35),  which  may  not  be 
appropriate  for  this  type  of  structure. 

3.4.3.  Epi layer  Thickness  Dependence  of  the  Laser  Performance 

The  results  on  rid  vs.  Xp  and  Ith  vs.  Xp  relations  were  obtained 
at  a fixed  epilayer  thickness,  t = 1pm.  When  t changes,  the  boundary 
conditions  for  Eq.  (3.32)  and  Eq.  (3.37)  will  also  change,  resulting  in 
different  solutions  for  n(x)  and  I0(x).  Consequently,  rid  vs.  A,p  and 
Ith  vs.  Xp  relations  are  expected  to  vary.  Qualitatively  speaking,  since 
the  carrier  and  optical  confinement  ability  of  the  structure  changes 
with  t,  the  Xp  dependence  of  both  rjd  and  Ith  changes.  Their  optimum 
values  and  corresponding  A.p's,  as  well  as  the  sensitivity  of  their  Xp 
dependence  will  all  vary.  By  studying  such  variations,  we  can  find 
the  optimum  t for  this  type  of  structure  and  to  verify  the  validity  of 
the  model  used  in  Sec.  3.3  as  well. 

Experimental  results  on  qd  vs.  A.p  and  Ith  vs.  A.p  relations  for  t = 

0. 5  pm,  1.0  pm,  1.5  pm,  3.5  pm  and  °°  (bulk  ZnSe)  are  illustrated  in 
Fig.  3-34  and  Fig.  3-35.  Although  the  data  come  from  lasers  made 
from  different  type  of  ZnSe,  i.e.  MBE,  MOCVD  and  melt-grown,  it 
turns  out  that  their  performance  depend  much  more  on  t than  on  the 
type  of  the  material.  In  Fig.  3-34,  it  is  noticed  that  as  t increases,  the 
maximum  rid  grows  and  the  >.p  at  which  the  rid  reaches  its  maximum 
gets  longer.  Meanwhile,  the  Xp  dependence  of  rid  becomes  stronger, 

1. e.  the  peak  of  the  rjd  vs.  Xp  curve  becomes  sharper.  This  is  due 
primarily  to  the  fact  that  as  t increases,  the  laser  mode  spreads  more 
from  the  surface  and  the  nonradiative  surface  recombination 
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o 0.5  ♦ 1.0 


□ 1.5  o 3.5 


■ Bulk 


Fig.  3-34.  rid(^p)  for  various  epilayer  thicknesses  (in  pm,  as  shown  in 
legend). 
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□ 0.5  o 1.0 


1.5  O 3.5  • Bulk 


Fig.  3-35.  Ith(^p)  for  various  epilayer  thicknesses  (in  pm,  as  shown 
in  legend) 
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becomes  less  dominant.  Therefore,  the  maximum  total  amount  of 
carriers  found  in  the  active  layer  increases  with  increasing  t, 
resulting  in  larger  maximum  r|d  according  to  Eq.  (3.40).  Since  the 
optical  absorption  coefficient  a decreases  with  ^.p  (see  Sec.  3.2),  this 
maximum  amount  of  carriers  created  by  pump  light  is  built  up  at 
longer  Xp  for  a larger  t.  Understandably,  near  maximum  amount  of 
carriers  should  only  be  reached  in  very  small  range  of  A,p  for  any  ts. 
This  is  actually  the  case  only  for  relatively  large  t's.  When  t is  small, 
because  of  the  significant  surface  recombination  loss,  such  maximum 
can  never  be  approached.  Consequently,  the  rid  is  clamped  at  a lower 
value  for  a relatively  larger  range  and  the  corresponding  curve  is 
less  sharp.  More  physical  interpretation  of  these  curves  is  to  be  given 
in  next  section  when  the  epitaxial  and  bulk  ZnSe  lasers  are  compared. 

The  threshold  pump  intensity  Ith  is  much  less  sensitive  to  A,p 
than  the  T)  d for  lasers  of  all  t's  (see  Fig.  3-35).  With  certain 
exceptions,  the  Xp  at  which  the  maximum  qd  is  reached  is  roughly  the 
A,p  for  the  minimum  Ith  is  obtained  for  a given  t.  But  the  t 
dependence  of  the  minimum  Ith  is  not  monotonic.  The  optimum  t in 
terms  of  Ith  is  about  1 pm.  The  bulk  laser  (t  ~ °°),  although  has  the 
best  maximum  iq d»  turns  out  to  have  the  second  highest  overall  Ith- 
The  reason  is  believed  to  be  that  the  carrier  profile  in  a bulk  laser 
can  not  match  the  laser  mode  as  closely  as  in  an  epitaxial  laser  under 
photopump.  The  final  choice  of  t should  be  based  on  the 
consideration  of  both  rid  and  Ith- 
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3.4.4.  Comparison  with  GaAs  Lasers  and  Bulk  ZnSe  Lasers 

To  illustrate  the  difference  the  epitaxial  structure  makes  to  the 
performance  of  a ZnSe  laser,  a typical  t|d  vs.  A.p  curve  of  an  epitaxial 
ZnSe  laser  is  compared  directly  to  that  of  a bulk  ZnSe  laser  in  Fig. 
3-36.  It  is  noticed  that  rid  is  not  high  for  both  epitaxial  and  bulk 
lasers  because  of  the  absence  of  a DH-like  structure  and  the  surface 
recombination.  Since  the  bulk  laser  has  a deeper  mode  peak  location 
and  does  not  suffer  the  additional  non-radiative  recombination  at  the 
ZnSe/GaAs  interface,  it  has  a larger  maximum  rid  than  the  epitaxial 
ZnSe  laser  and  its  maximum  rid  is  found  at  longer  A.p.  Because  the 
mode  in  the  bulk  laser  spreads  more  than  the  mode  in  the  epitaxial 
laser,  rid  of  the  bulk  laser  drops  faster  on  the  short  wavelength  side 
of  the  rjd  vs.  Xp  curve.  The  relative  insensitive  A.p  dependence  of  T]d 
for  epitaxial  lasers  can  be  seen  more  clearly  when  the  two  curves  are 
converted  into  normalized  rjd  vs.  energy  offset  AE  relations,  as  shown 
in  Fig.  3-37,  where  AE  is  the  offset  of  pump  photon  energy  from  its 
optimum  value  at  which  the  maximum  rjd  is  reached.  It  is  believed 

that  such  insensitivity  is  due  primarily  to  the  well  defined  TEo-like 
kp  independent  lasing  mode  existing  in  such  lasers,  which  is 

discussed  next. 

3.4.5.  Leaky  Waveguide  Model 

As  mentioned  earlier,  the  major  optical  loss  of  this  structure, 
waveguide  loss  awg,  is  easily  expected  to  be  large  because  of  the 
negative  refractive  index  step  at  the  ZnSe/GaAs  interface  and  the 
high  absorption  coefficient  of  the  GaAs  to  laser  photons.  However,  as 
we  will  show  below,  awg  can  be  small  at  blue  wavelengths  for  this 


89 


Fig.  3-36.  Comparison  of  rid(^p)  between  bulk  and  epitaxial  ZnSe 
lasers. 
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Fig.  3-37.  Comparison  of  normalized  rid  vs.  AE  between  bulk  and 
epitaxial  ZnSe. 
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structure  and  consequently,  relatively  small  aj  and  high  rjd  can  be 

maintained  in  blue  (see  Eq.  (3.13)  and  (3.14)). 

By  leaky  waveguide  theory  [Hall73],  ocWg  can  be  calculated  for 

a known  laser  mode.  Polarization  and  far  field  pattern  measurements 
showed  that  lasing  appears  to  occur  on  the  TEo  mode  of  the 
antiguide.  Since  the  strong  mode  discrimination  of  an  anti-guide 
suppresses  higher  order  modes  significantly,  it  is  believed  that  the 
existing  laser  mode  is  dominated  by  TEo-  Therefore,  the  diffraction 
loss  awg  of  this  structure  can  be  written  as 


X02 

awg  =(  — 


)Re  { 


eo 


[ £a(£c  - £a)l 1/2 


} 


(3.53) 


where  eo  and  ea  are  respectively  the  dielectric  constants  of  the  air 
and  ZnSe,  which  are  essentially  real  and  do  not  depend  strongly  on 
wavelength  in  visible  and  infrared  range  and  Eq  is  the  complex 
dielectric  constant  of  GaAs.  The  above  expression  is  an  approximation 
for  TEo  mode  in  near  plane-wave  situation  [Hall73],  which  is 
considered  to  be  our  case  because  the  structure  is  far  from  cut-off 
for  the  TEo  mode. 

It  is  noticed  in  Eq.  (3.53)  that  the  X0 2 dependence  makes  awg 
much  smaller  at  blue  wavelengths  than  in  the  infrared.  In  addition, 
as  X0  decreases  from  infrared  to  blue,  the  change  of  Re(Ec)  with 
wavelength  (about  9eo)  [Wang81]  further  lowers  awg  by  about  a 
factor  of  2.  The  structure  is  also  a strong  antiguide  at  XQ  ~ 470  nm 
because  Re(ic)  - Re(ea)  is  large  [Wang81].  This  large  difference  (about 
12eo)  significantly  reduces  the  transmission  loss  at  the  interface.  The 
Im(ec),  which  is  not  negligible  at  470  nm,  makes  the  substrate 
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somewhat  metallic,  further  lowering  aWg  [Luo90].  The  overall 
wavelength  dependence  of  <xWg  is  illustrated  in  Fig.  3-38. 

It  is  interesting  to  note  that  aWg  ~ 80  cm*1  at  blue  wavelengths 
is  only  about  a factor  of  4 higher  than  the  internal  loss  of  a 
conventional  DH  AlGaAs  laser  [Kres77].  The  low  loss  of  this  structure 
is  also  evidenced  by  its  Ith  data  (~350kW/cm2),  which  is  comparable 
to  the  Ith  (500kW/cm2)  of  a photopumped  ZnCdSe/ZnSe  multiple 
quantum  well  laser  of  the  same  cavity  length  with  positive  index 
step  confinement  [Jeon90].  Since  the  losses  are  reasonably  low  and 
the  beam  quality  is  good,  due  to  the  TEo-like  mode,  this  type  of  novel 
antiguide  structure  is  believed  to  have  the  potential  to  be  developed 
into  devices  like  blue  superluminescent  edge  light  emitting  diodes 
(ELEDs)  and  array  ELEDs  for  optical  storage  applications.  Short 
wavelength,  high  output  power  with  good  beam  quality  would  be  the 
main  advantages  of  such  devices  [Li90] . 
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Fig.  3-38.  <xwg(?to)  for  the  ZnSe  on  GaAs  leaky  guide. 


CHAPTER  4 

SUMMARY  AND  PROPOSALS 


In  this  work,  the  prospect  of  fabricating  ZnSe  based  diode 
lasers  has  been  surveyed  in  many  aspects.  The  results  turn  out  to  be 
quite  promising.  Most  of  them  indicate  that  this  type  of  blue  laser 
can  be  realized  in  the  near  future  after  further  progress  is  made  in 
p-type  doping  and  carrier  confinement.  The  main  issues  addressed  in 
this  work  include  the  following: 

For  the  material,  optical  gain  and  absorption  properties  of  ZnSe 
were  measured.  It  was  found  that  the  gain  can  be  sufficiently  large 
to  realize  lasing  and  the  absorption  saturation  can  significantly  affect 
the  carrier  and  laser  mode  profiles  and  their  confinement. 

Laser  mode  confinement  abilities  were  evaluated.  The  mode 
profiles  were  measured  directly  from  near  field  patterns.  For  the 
bulk  laser,  it  was  shown  that  the  mode  can  be  confined  by  gain 
guiding,  which  enables  the  laser  to  oscillate.  For  the  antiguide 
epitaxial  laser,  the  mode  profile  was  calculated  using  leaky 
waveguide  theory  and  was  shown  to  be  well  confined  in  the  ZnSe 
epilayer,  which  demonstrates  the  feasibility  of  fabricating  novel 
antiguide  blue  emitters. 

Carrier  confinement  abilities  were  also  evaluated.  For  the  bulk 
laser,  the  carrier  distribution  was  estimated  using  a unique  approach, 
beam  characteristic  analysis.  The  result  is  that  both  the  carrier 
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distribution  and  the  Hd  depend  strongly  on  Xp,  which  indicates  that 
the  carrier  confinement  is  critical  for  the  performance  of  this  type  of 
lasers.  The  carrier  distribution  for  the  epitaxial  lasers  was  calculated 
using  a continuity  equation  model.  It  also  directly  affects  rid-  Material 
properties  of  ZnSe  make  it  very  difficult  to  confine  carriers  by  using 
a conventional  DH  structure.  A novel  confinement  configuration  is  to 
be  proposed  in  this  chapter. 

Electrical  properties  of  this  type  of  devices  were  studied 
preliminarily  by  analyzing  the  I-V  characteristics  and  the  light 
output  spectrum  of  an  ELED  fabricated  from  structures  grown  at  this 
university.  This  result  is  to  be  presented  next. 

Throughout  this  work,  tunable  photopump  has  been  used 
extensively.  Most  results  come  from  the  pump  wavelength 
dependence  of  the  variables.  It  proves  that  tunable  photopump  is  a 
efficient  and  convenient  tool  for  developing  new  diode  laser 
materials  and  structures. 

Although  a ZnSe  based  diode  laser  has  not  been  realized  at  this 
point  of  the  research,  some  proposals  which  are  deemed  reasonable 
and  promising  based  on  the  results  of  this  work  are  presented  next 
for  the  benefit  of  the  people  who  are  working  in  this  area  and  who 
believe  the  goal  can  be  accomplished. 

It  should  be  maintained  that  to  fabricate  current  injection 
devices  similar  to  standard,  high  efficiency  diode  lasers,  cladding 
materials  with  higher  energy  bandgaps  and  lower  refractive  indices 
than  ZnSe  are  needed.  A straddled  energy  band  alignment  [Kroe84] 
is  usually  desired  to  confine  both  electrons  and  holes  in  the  ZnSe 
active  layer.  The  materials  must  also  be  able  to  be  appropriately 
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doped  in  order  to  form  a p-n  junction.  Such  cladding  materials  for 
ZnSe  have  not  yet  been  demonstrated.  However,  if  a staggered 
energy  band  alignment  [Kroe84]  is  created  by  using  appropriate  low 
bandgap  materials  and  proper  doping  and  bias,  at  least  one  type  of 
carrier  can  be  efficiently  injected  into  the  active  layer  regardless  the 
bandgap  of  cladding  materials.  Electrons  and  holes  can  be  injected 
separately  from  each  side  of  the  active  layer  by  using  different 
cladding  materials  as  illustrated  in  Fig.  4-1.  From  a carrier  injection 
and  confinement  point  of  view,  the  staggered  heterojunction 
structure  is  equivalent  to  a homojunction.  However,  from  a photon 
point  of  view,  the  staggered  structure  is  superior  to  a homojunction 
because  of  the  waveguiding  effect  from  the  real  refractive  index  step 
(which  can  be  negative,  as  the  antiguide  shown  in  last  chapter). 
Consequently,  the  beam  quality  will  be  better  than  in  a homojunction 
device  because  the  lasing  mode  is  TEo-like,  as  discussed  earlier. 
Therefore,  it  is  believed  that  this  type  of  novel  antiguide  double 
heterojunction  (ADH)  structure  has  the  potential  to  be  developed  into 
superluminescent  blue  light  emitting  diodes  and  diode  arrays  for 
optical  storage  applications. 

The  structure  of  such  a proposed  ADH  edge  light  emitter  is 
shown  in  Fig.  4-2.  Because  the  goal  is  the  get  blue  light  output,  ZnSe 
is  a favored  candidate  material  for  the  active  layer.  ZnSSe  and  CdSSe 
also  seem  to  be  possible.  The  substrate  material  is  likely  to  be  GaAs 
for  the  consideration  of  lattice  match,  doping  and  processing.  The 
candidate  materials  for  cladding  layers  may  be  ZnSSe,  ZnTe,  CdS, 
GaAs,  etc.  The  selection  is  to  be  based  on  their  energy  band  offsets 
and  lattice  match  with  the  active  layer  and  the  cladding  layer.  There 
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Fig.  4-1.  Energy  band  diagram  of  a proposed  ADH  structure. 
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Fig.  4-2.  Structure  of  a proposed  ADH  emitter. 
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have  been  many  reports  on  these  data  [McCa90,  Kass90]  but  they 
need  to  be  verified  for  the  individual  samples  used  for  fabricating 
the  structure  because  those  reported  data  were  obtained  under 
specific  conditions  and  the  doping  in  those  samples  may  not  be 
suitable  for  making  diode  lasers. 

Another  issue  for  fabricating  current  injection  devices  is  the 
electrical  contacts  and  some  built-in  potential  barriers  which  are 
likely  to  exist  at  some  interfaces  between  the  layers.  Thanks  to  the 
availability  of  a p-n  junction  ZnSe  sample  from  the  Materials  Science 
and  Engineering  Department  of  the  University  of  Florida,  this 
problem  was  studied  before  an  ADH  is  actually  fabricated.  By  putting 
metal  contacts  onto  their  samples  [Park90b],  ZnSe  ELED  arrays  were 
fabricated.  The  structure  is  shown  in  Fig.  4-3  and  the  current-voltage 
(I-V)  curve  is  given  in  Fig.  4-4.  It  was  found  that  the  diode  couldn't 
be  "turned  on"  at  the  beginning  until  forward  biased  to  about  45  V 
(Fig.  4-4a).  This  may  be  attributed  to  the  large  built  in  potential  at 
the  p-ZnSe  and  p-GaAs  interface  [Park90b].  Once  a little  higher 
voltage  was  applied,  the  turn-on  voltage  dropped  to  about  25  V and 
stayed  at  that  value  (Fig.  4-4b).  It  is  not  yet  clear  exactly  what  type 
of  breakdown  happened  in  the  diode  and  where  it  happened,  at  the 
metal-semiconductor  interface  or  between  the  semiconductor  layers. 
Nevertheless,  once  the  turn-on  voltage  of  the  diode  has  been  lowered 
using  such  "voltage  breakdown",  blue  light  emission  can  be  obtained 
from  the  edge  of  the  diode.  The  output  light  spectra  measured  at  a 
current  of  about  10  milliamperes  is  presented  in  Fig.  4-5.  It  is 
noticed  that  its  spectral  width  is  similar  to  that  of  the  surface 
emitting  LED  made  from  the  same  structure  [Park90b],  which 
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Fig.  4-3.  A ZnSe  LED  array.  (Top:  side  view,  bottom:  top  view) 
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(a)  Before  breakdown 

(b)  After  breakdown 


Fig.  4-4.  I-V  characteristics  of  a ZnSe  ELED. 
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Fig.  4-5.  Spectra  of  a forward  biased  ZnSe  ELED. 
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indicates  the  lack  of  gain  in  the  ELED.  Once  the  allowed  operation 
current  can  be  raised  to  the  equivalent  excitation  intensity  range 
shown  in  Fig.  3-4,  gain  in  lateral  direction  would  be  obtained  and  the 
output  spectral  narrowed  (cf.  Sec.  3.1).  Output  power,  efficiency  and 
beam  quality  would  then  be  significantly  improved.  This  preliminary 
result  shows  that  once  some  technical  problems  have  been  solved, 

this  type  of  ELEDs  may  become  the  first  for  practical  uses  and  the 
array  ELEDs  may  be  used  for  individually  addressable  optical 

reading/writing  heads. 

Finally,  the  author  would  like  to  point  out  that  most  of  the 
models  and  theory  presented  in  this  work  are  in  their  very  early 

stage  of  development.  There  is  a lot  of  room  for  improving  the 

models,  especially  their  accuracy,  after  more  data  on  the  optical 
properties  of  ZnSe  material  are  available.  It  is  the  author  s wish  that 
these  first  stage  results  would  be  of  value  for  the  final  achievement 
of  room  temperature  operation  of  a ZnSe  based  laser  diode. 
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